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In Streptomyces coelicolor, the ECF sigma factor SigT negatively regulates cell differentiation, and is
degraded by ClpP protease in a dual positive feedback manner. Here we further report that the pro-
teasome is required for degradation of SigT, but not for degradation of its anti-sigma factor RstA,
and RstA can protect SigT from degradation independent of the proteasome. Meanwhile, deletion
of the proteasome showed reduced production of secondary metabolites, and the fermentation
medium from wild type could promote SigT degradation. Furthermore, overexpression of redD or
actII-orf4 in the proteasome-deﬁciency mutant resulted in SigT degradation and over-production
of both undecylprodigiosin and actinorhodin. Therefore the proteasome is required for SigT degra-
dation by affecting the production of secondary metabolites during cell differentiation.
 2014 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
Streptomyces are the soil-dwelling Gram-positive bacteria well-
known for their complex morphological development and second-
ary metabolism [1]. We have previously reported that in Strepto-
myces coelicolor, an ECF (extra-cytoplasmic function) sigma factor
SigT negatively regulates morphological development and second-
ary metabolism on rich media [2]. Apart from the conventional
antagonism from its cognate anti-sigma factor, SigT protein is also
stabilized and protected by its anti-sigma factor RstA. During cell
differentiation, degradation of RstA leaves SigT isolated and causes
SigT protein to be susceptible to degradation in a ClpP protease-
dependent pathway. Moreover, SigT can execute its repressive ef-
fects on the clpP promoter, and this effects can be counteracted
by the secondary metabolites from S. coelicolor, thus leading to a
dual positive feedback regulatory manner for the rapid degradation
of SigT protein and irreversible cell differentiation [3].
The proteasome is a universal protease in archaea, bacteria
(class actinomycetes) and eukaryotes responsible for orderly pro-
tein turnover [4]. After the discovery of the small tagging proteinPup (prokaryotic ubiquitin-like protein) in Mycobacterium tubercu-
losis [5], other conserved proteasomal components have also been
revealed, including proteasome b/a subunits PrcB/A, recognition
ATPase Mpa, pupylase PafA, and a bifunctional enzyme (depupy-
lase and deamidase) Dop [6]. Streptomyces also have the conserved
components of the proteasome based on comparative genomics
[7]. The proteasomal core particle has been characterized in S. coe-
licolor [8], and reported to be involved in stress responses [9]. How-
ever, no study about the proteasome in cell differentiation of
Streptomyces has been reported. Here we describe the involvement
of the proteasome in degradation of SigT, which is mediated by
secondary metabolites. Our work suggests a role of the proteasome
in cell differentiation of Streptomyces.
2. Materials and methods
2.1. Media
LB media were routinely used for Escherichia coli culture during
plasmid construction. S. coelicolor was cultured in TSB + 5% PEG
6000 for genomic DNA preparation and primary metabolism. Solid
R2YE and liquid R5- media were used for secondary metabolism
and morphological development. MS medium was used for conju-
gation and spore preparation of S. coelicolor [1,10].
Table 2
Streptomyces coelicolor strains in this study.
Strain Genotype References
M145 Wild type [17]
LM22 DrstA [2]
L43 DrstADclpP1/P2::oriT-aac(3)IV [3]
L45 DclpP1/P2::oriT-aac(3)IV [18]
M1146 DactDredDcpkDcda [19]
L58 DrstADprcB/A::aadA This study
L59 DrstADclpP1/P2::oriT-aac(3)IVDprcB/A::aadA This study
L60 DprcB/A::aadA This study
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All primers and S. coelicolor strains in this study were listed in
Tables 1 and 2, respectively. The prcB/A genes were disrupted by
the PCR-targeting strategy [11]. prcB/A::aadA disruption cassette
was ampliﬁed with primer pairs 1 and 2 from the EcoRI/HindIII
fragment of pIJ779, and electro-transformed into E. coli
BW25113/pIJ790 containing cosmid N4-14 to generate the
disruption cosmid pL122, which was then conjugated into S. coeli-
color strains (including LM22, L43, L45) through E. coli ET12567/
pUZ8002 to knock out prcB/A [11]. The genotypes were veriﬁed
by Southern blot and PCR (data not shown).
2.3. Plasmid construction
All plasmids used in this study were listed in Table 3. The EcoRI/
KpnI tsr fragment from pIJ8600 [12] was inserted into EcoRI/KpnI-
digested pTA2 for the plasmid pL151, and then the tsr selection
marker was ampliﬁed with the universal primers 3 and 4 and li-
gated to pTA2 to create the plasmid pL152. The tsr fragment was
further recovered after digestion with EcoRI and ligated to the
high-copy expression vector pL97 [13] to give pL153. redD and ac-
tII-orf4 were ampliﬁed with the primers 5, 6 and primers 7, 8,
respectively, and inserted into the NdeI/BglII site of pL153 for the
plasmids pL154 and pL155, respectively. Primers 9, 10 was used
to amplify prcB/A from M145 genome, and ligated into BamHI/
EcoRI site of pIJ8660 [12] to give plasmid pL156 after digestion
with BamHI/EcoRI.
2.4. Antibiotic production analysis
Mycelia on the R2YE medium were inoculated in TSB + 5% PEG
6000 medium and cultured to the logarithmic phase, and then
transferred into the liquid R5- medium [10] for the production of
antibiotics undecylprodigiosin (Red) and actinorhodin (Act), which
were analyzed as described previously [2].
2.5. Protein techniques
Morphological development and secondary metabolism on the
solid R2YE medium or in the liquid R5- medium were described
previously [3], and mycelia were collected at different indicated
time points for protein preparation. For feeding assays, wild type
strain M145 and the antibiotic-non-producing strain M1146 Dact-
DredDcpkDcda were cultured in the R5- medium for six days,
respectively, and then the medium was collected by centrifugation
and ﬁltration to remove the mycelia. The DprcB/A mutant express-
ing 3FLAG-SigT was inoculated into the above media for the further
culture. The mycelia were collected and disrupted by ultra-sonica-
tion as described [2], and about 20 lg of total protein was loaded
for Western blot with the a-FLAG monoclonal antibody (M2, Sig-
ma) or for Coomassie blue staining [3].Table 1
Primers used in this study.
No. Sequence
1 TGTTCGTCGGGCTGCCGC
2 AACGGCCCCGCCGCGATG
3 GCCAGGGTTTTCCCAGTC
4 GAGCGGATAACAATTTCA
5 CTTCACATATGACGGGTG
6 CTTCAAGATCTTCAGGCG
7 CTTCACATATGAGATTCA
8 CTTCAAGATCTACACGAG
9 TTGTAGAATTCGAAATGA
10 TTGTAGGATCCCTACTCC3. Results and discussion
3.1. Proteasome is required for SigT degradation during cell
differentiation
SigT is an ECF (extra-cytoplasmic functions) sigma factor nega-
tively regulating cell differentiation of S. coelicolor [2], and SigT is
degraded during cell differentiation to remove its inhibitory effects
[3]. We have recently shown that the protease ClpP1/P2 (ClpP) is
required for SigT degradation in a dual positive feedback manner
[3]. When we sought the proteases involved in SigT degradation,
it was found that after deletion of prcB/A, the genes encoding b/a
subunits of the proteasomal core enzyme, SigT protein in the
DprcB/A mutant was substantially stabilized during cell differenti-
ation both on the solid R2YE medium (Fig. 1A) and in the liquid R5-
medium (Fig. 1B). On the solid medium, the SigT protein level in
the wild type dropped rapidly when cells was developing into aer-
ial mycelia (30 h), and SigT was almost undetectable in the spores
(48 h and later). However, SigT was much more abundant in the
DprcB/A mutant than that in the wild type cells at all developmen-
tal phases, and almost no degradation of SigT was observed in the
DprcB/A mutant (Fig. 1A). In the liquid medium, wild type and the
DprcB/A mutant showed a similar SigT protein level in the TSB
medium at the logarithmic phase (Fig. 1B, lanes 1 and 5). But SigT
protein in wild type was gradually degraded during cell differenti-
ation in the R5- medium, compared to a steady level of SigT protein
in the DprcB/A mutant (Fig. 1B).
Meanwhile, deletion of prcB/A in S. coelicolor caused delayed
morphological development, as evidenced by the decreased white
aerial mycelia in the mutant compared to the wild type and the
complementation strains (Fig. 1C). We have shown that over-
expression of sigT has no distinguishable morphological effects in
wild type cells, but can retard morphological development in the
DclpP mutant and the antibiotic-non-producing mutant [3]. In
the DprcB/A mutant, over-expression of sigT also postponed aerial
mycelium development and sporulation, respectively (Fig. 1D),
which was consistent with the stabilized SigT protein in the pro-
teasome-deﬁciency mutant. All these results suggested that the
proteasome is required for SigT degradation during cell
differentiation.CTACCTGGAGGGAACCTCGTGATTCCGGGGATCCGTCGACC
AGGTGAGGTGAGCGCCTACTCTGTAGGCTGGAGCTGCTTC
ACGA
CACAGG
GGGGAGTGCTTG
CTGAGCAGGCTGGTG
ACTTATTGGGACGTG
CACCTTCTCACCG
AGGCTGTAGC
TCGTCCGACC
Table 3
Plasmids used in this study.
Plasmid Description References
N4-14 Cosmid containing prcB/A Zhong-Jun Qin, personal communication
pL122 N4-14, prcB/A::aadA This study
pIJ779 Plasmid with FRT-aadA-FRT for disruption cassette ampliﬁcation [11]
pL86 Expression of 3FLAG-SigT in Streptomyces [3]
pLM36 Expression of RstA-3FLAG in Streptomyces [2]
pL97 High-copy expression vector in Streptomyces [13]
pIJ8600 tipAp expression vector with tsr marker [12]
pTA2 T-vector Toyobo, Japan
pL151 EcoRI/KpnI tsr fragment from pIJ8600 in pTA2 This study
pL152 PCR-ampliﬁed tsr in pTA2 This study
pL153 EcoRI tsr fragment in pL97 This study
pL154 redD in high-copy vector expressed under ermEp⁄ This study
pL155 actII-orf4 in high-copy vector expressed under ermEp⁄ This study
pIJ8660 Streptomyces promoter-probing plasmid [12]
pL156 prcB/A complementation plasmid This study
Fig. 1. Proteasome is required for SigT degradation. (A and B) SigT protein dynamics from strain M145/pL86 (wild type + 3ﬂag-sigT) and L60/pL86 (DprcB/A + 3ﬂag-sigT) on the
R2YE medium (A) or in the R5- medium (B) for the time indicated was analyzed by Western blot. Coomassie blue staining of the total protein served as a loading control. (C)
Spores of wild type strain, L60 (DprcB/A) and L60/pL156 (DprcB/A + prcB/A) were streaked on the R2YE medium for 28 h and photographed. (D) Spores of strain L60 (DprcB/A)
and L60/pL86 (DprcB/A + sigT) were streaked on the R2YE medium for 32 or 60 h, respectively, and photographed.
610 X.-M. Mao et al. / FEBS Letters 588 (2014) 608–6133.2. RstA protects SigT from degradation independent of proteasome
The anti-sigma factor RstA can protect SigT from degradation
[3]. We then investigated whether SigT degradation was also
dependent on the proteasome after rstA deletion. However, we
did not observe SigT protein in the DrstA or DrstADprcB/A mutant
(Fig. 2A, lanes 2 and 3). But further deletion of clpP in the DrstA or
DrstADprcB/A mutant could restore the SigT protein [3] (Fig. 2A,
lanes 4 and 5). These results suggested that the ClpP protease
rather than the proteasome is required for SigT degradation afterFig. 2. RstA protects SigT from degradation independent of the proteasome. (A) Proteaso
M145 (wild type, WT), LM22 (DrstA), L58 (DrstADprcB/A), L43 (DrstADclpP) and L59 (Drs
for 2 days. SigT protein was analyzed by Western blot with the a-FLAG antibody. (B) RstA
dynamics from strain M145/pLM36 (wild type + rstA-3ﬂag) and L60/pLM36 (DprcB/A + rs
Coomassie blue staining of the total protein served as a loading control.rstA deletion, and that the proteasome might have an indirect ef-
fect on SigT degradation.
RstA is degraded during cell differentiation, thus leaving SigT
susceptible for degradation [3]. We then checked whether the pro-
teasome is required for RstA degradation. However, we did not ob-
serve signiﬁcant difference of the RstA protein amount between
wild type and the DprcB/A mutant (Fig. 2B), suggesting that the
proteasome is not required for RstA degradation, and that the SigT
stability in the prcB/A mutant does not result from the RstA
stability.me has an indirect role on SigT degradation. Total protein was prepared from strain
tADclpPDprcB/A) containing the plasmid pL86 (3ﬂag-sigT) in the TSB liquid medium
degradation independent of the proteasome during cell differentiation. RstA protein
tA-3ﬂag) on the R2YE medium for the time indicated was analyzed by Western blot.
Fig. 4. Secondary metabolites can promote SigT degradation in the proteasome
disrupted cells. (A) An antibiotic feeding assay. Strain L60/pL86 (DprcB/A + 3ﬂag-
sigT) was inoculated in the TSB medium to the logarithmic phase, and transferred to
the fresh R5- medium, the M145 (WT)-cultured R5- medium or the M1146
(DactDredDcpkDcda)-cultured R5- medium for additional days indicated. (B and C)
Overexpression of pathway-speciﬁc activator genes can promote SigT degradation.
Mycelia of L60/pL86 (DprcB/A + 3ﬂag-sigT) and L60/pL86/pL154 (DprcB/A + 3ﬂag-
sigT + redD) (B) or L60/pL86 (DprcB/A + 3ﬂag-sigT) and L60/pL86/pL155 (DprcB/
A + 3ﬂag-sigT + actII-orf4) (C) were inoculated in the TSB medium to the logarithmic
phase, and transferred to the R5- medium for additional days indicated. The mycelia
were collected and SigT protein was detected by Western blot. Coomassie blue
staining of total protein served as a loading control.
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When grown on the R2YE medium, S. coelicolor successively
produces red and blue antibiotics, undecylprodigiosin (Red) and
actinorhodin (Act), respectively [2]. After 42 h, we found the
DprcB/A mutant showed a less extent of red pigment production
compared to wild type and the DclpP mutant, both of which had
a similar red appearance (Fig. 3A), suggesting disruption of the pro-
teasome reduces Red production. Moreover, after growth on the
R2YE medium for 60 h, wild type and the DclpP mutant produced
abundant blue pigments, but the DprcB/A mutant only showed
slight production of the blue pigments (Fig. 3A), indicating that
inactivation of the proteasome dramatically reduces Act produc-
tion. Furthermore, quantitative analysis of antibiotic production
in the R5- liquid medium also showed a similar observation that
the DprcB/A mutant had reduced production of Red and very low
production of Act (Fig. 3B and C). In addition, reintroduction of
prcB/A into the DprcB/A mutant could restore the production of
Act (Fig. 3D). These data suggested that the proteasome is also re-
quired for the proper production of secondary metabolites.
3.4. Secondary metabolites mediate the requirement of proteasome for
SigT degradation
Secondary metabolites are involved in the dual positive feed-
back regulation of SigT degradation [3]. It was speculated that
the decreased antibiotic production in the DprcB/A mutant might
be responsible for SigT stabilization. We prepared the medium
containing secreted antibiotics by removal of wild type mycelia
from the liquid R5- medium after six days’ culture, and a feeding
assay was performed by transferring the DprcB/A mutant express-
ing 3FLAG-SigT from the TSB medium to this cultured R5- medium.
As shown in Fig. 4A, SigT protein was stable in the freshly prepared
R5- medium (lanes 1–4), but the protein level began to drop in the
ﬁrst day in the wild type-cultured R5- medium, and was almost
undetectable on the second day and later (lanes 5–8). As a control,
the cultured R5- medium from the antibiotic-non-producing strain
DredDactDcpkDcda did not have this effect, with the SigT protein
at a steady level as in the fresh medium (lanes 9–12). These results
suggested that the antibiotics produced from wild type can bypass
the requirement of the proteasome for SigT degradation.
Next redD [14] and actII-orf4 [15], the two pathway-speciﬁc
activator genes of undecylprodigiosin and actinorhodin, respec-
tively, were overexpressed in the DprcB/A mutant under a strong
promoter ermEp⁄ in a high-copy vector [13]. Both antibiotics were
over-produced in the liquid R5- medium (Fig. 5), and it wasFig. 3. Proteasome is required for production of secondary metabolites. (A) Spores of stra
medium for 42 or 60 h and photographed. (B) and (C) antibiotic production assays. Mycel
then transferred to the R5- medium for additional days indicated. The mycelia were col
were analyzed. The relative amount of antibiotics was shown as the arbitrary unit of abso
Spores of wild type strain, L60 (DprcB/A) and L60/pL156 (DprcB/A + prcB/A) were streakobserved that the SigT protein level began to drop after 2 days,
and was undetectable 4 days later (Fig. 4B and C). These results
suggested that elevated levels of endogenous antibiotics could pro-
mote SigT degradation even without the proteasome, consistent
with our hypothesis that the secondary metabolites mediated the
requirement of the proteasome for SigT protein degradation, and
further supporting the indirect roles of the proteasome on SigT
degradation.
3.5. Overexpression of redD or actII-orf4 promotes both Red and Act
production in proteasome-deﬁciency cells
When redD was over-expressed in the DprcB/A mutant, the
undecylprodigiosin (Red) production was dramatically increasedin M145 (wild type, WT), L45 (DclpP) and L60 (DprcB/A) were streaked on the R2YE
ia of above strains were inoculated in the TSB medium to the logarithmic phase, and
lected and the intracellular undecylprodigiosin (Red) (B) and actinorhodin (Act) (C)
rbance/wet mycelia, and SD bars were indicated from three independent assays. (D)
ed on the R2YE medium for 56 h and photographed.
Fig. 5. Overexpression of one activator gene can promote production of both
antibiotics. Mycelia were collected from strain L60/pL86 (DprcB/A + 3ﬂag-sigT), L60/
pL86/pL154 (DprcB/A + 3ﬂag-sigT + redD) and L60/pL86/pL155 (DprcB/A + 3ﬂag-
sigT + actII-orf4) as in Fig. 4B and C, and the intracellular undecylprodigiosin (Red)
and actinorhodin (Act) were analyzed. The relative amount of antibiotics was
shown as the arbitrary unit of absorbance/wet mycelia, and S.D. bars were indicated
from three independent assays.
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about 3–5 times higher in the following days investigated (Fig. 5A).
Interestingly, in the redD-overexpression strain, the actinorhodin
(Act) production was also substantially increased, with about 3
times enhancement on the ﬁrst two days, about 9 times and 30
times enhancement on the third and fourth day, respectively
(Fig. 5B). Meanwhile, over-expression of actII-orf4 could also
greatly augment Act production. On the ﬁrst day in the R5- med-
ium, the actII-orf4-overexpression strain began to produce Act in
the Act-production deﬁcient DprcB/A mutant, and persistently
showed about 7–30 times higher Act production in the following
days (Fig. 5B). Meanwhile, the Red production in the actII-orf4-
overexpression strain also signiﬁcantly increased in all days inves-
tigated in the R5- medium as compared to the DprcB/A mutant
(Fig. 5A). Since over-expression of either activator gene could pro-
mote SigT degradation as shown in Fig. 4, we speculated that over-
production of one antibiotic could eliminate the negative effects of
SigT by protein degradation, and thus promote production of the
other antibiotic.
S. coelicolor has all the bacterial homologs of proteasome com-
ponents in its genome [7], but its roles in cell differentiation have
not been elucidated. Here we presented evidence that the protea-
some is involved in SigT degradation, and thus in regulation of cell
differentiation. Loss of proteasome resulted in SigT protein stabil-
ity, and reduced antibiotic production, since SigT negatively regu-
lates secondary metabolism [2]. But the proteasome substrates in
these biological processes still remain unresolved, since here we
have shown that neither SigT nor RstA is the substrate. Pupylo-
me-based screening might identify the potential targets of the pro-
teasome in S. coelicolor as demonstrated in Mycobacterium
smegmatis [16].
We have previously shown that secondary metabolites can act
in a regulator mode to block repressive effects of SigT on the clpP
promoter, and thus accelerate SigT degradation to promotedevelopment of secondary metabolism [3]. Here we showed that
SigT is not the proteasome substrate. Meanwhile, in the DprcB/A
mutant, increase of endogenous antibiotics by exogenous feeding
or over-expression of pathway-speciﬁc activator genes could pro-
mote SigT degradation, and overexpression of one activator gene
(redD or actII-orf4) could also increase production of both antibiot-
ics. These results further supported the positive feedback regula-
tion of SigT degradation, and also suggested that the proteasome
is required for SigT degradation by affecting appropriate antibiotic
production.
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